Purpose: To summarize a single-center experience using the single/double chimney technique in association with thoracic endovascular aortic repairs (TEVAR) for aortic arch pathologies. Methods: From November 2007 to March 2016, 122 patients (mean age 50.4±12.7 years, range 29-80; 92 men) with aortic arch pathologies underwent TEVAR combined with single (n=101) or double (n=21) chimney grafts to reconstruct the supra-aortic branches: 21 innominate arteries, 114 left common carotid arteries, and 8 left subclavian arteries (LSA). Pathologies included type B aortic dissection (n=47), aortic arch dissection (n=49), retrograde type A aortic dissection (n=8), thoracic aortic aneurysm (n=7), penetrating aortic arch ulcer (n=9), and post-TEVAR type I endoleak (n=2). Follow-up examinations included computed tomography at 0.5, 3, 6, and 12 months and yearly thereafter. Results: The aortic stent-grafts were deployed in zone 0 (n=21), zone 1 (n=93), and zone 2 (n=8). One (0.8%) of the 122 patients died at 4 days due to a perforated peptic ulcer. Type Ia endoleaks were found intraoperatively in 13 (10.7%) patients, including 3 with the double chimney technique. Type II endoleaks occurred in 6 (4.9%) patients; 3 were treated with duct occluders in the LSA. Postoperative chimney graft migration occurred in 1 (0.8%) patient with double chimneys; additional stent-grafts were deployed in both chimneys. Median follow-up was 32.3 months, during which 1 (0.8%) patient died after a stroke at 3 months. Chimney stent-graft patency was observed in the remaining 120 patients. Two (1.7%) secondary TEVARs were performed for distal aortic dissection. Nine asymptomatic type Ia endoleaks and 1 type II endoleak persisted in follow-up; a type II endoleak in 1 patient with Marfan syndrome sealed in 52 months. Conclusion: TEVAR with the chimney technique provides a safe, minimally invasive alternative with good chimney graft patency and low postoperative mortality during midterm follow-up. The double chimney technique should be used judiciously owing to its potential complications.
Introduction
In addition to optimal medical treatment, thoracic endovascular aortic repair (TEVAR) is considered a valuable option for patients with type B aortic dissection. 1, 2 However, when this lesion is associated with a short proximal landing zone or has a primary entry tear at the aortic arch (aortic arch dissection), it is necessary to augment TEVAR with additional procedures, including the chimney technique, fenestrated/branched stent-grafts, or extraanatomical bypass of the cervical vessels to preserve the supra-aortic branches. Some studies have reported favorable results using fenestrated/branched techniques in aortic arch pathologies. [3] [4] [5] [6] [7] However, this approach is limited by the morphological diversity of the aortic arch, necessitating patient-specific and tailor-made devices. Moreover, the procedures are complex and time-consuming, often inapplicable in emergency situations, and place a considerable financial burden on the patient, limiting their clinical usefulness.
The chimney technique was first applied in the aortic arch to rescue an inadvertently covered left subclavian artery (LSA). 8 Its role in emergent TEVAR is becoming widely accepted, and in elective TEVAR, the planned use of the chimney technique has the potential to supplant hybrid techniques in the treatment of aortic arch diseases, 9, 10 although the long-term efficacy of arch chimneys is still not known.
The aim of this retrospective study was to report the results of the chimney technique in the treatment of aortic arch diseases in our clinic with midterm follow-up.
Methods

Patient Population
From November 2007 to March 2016, 122 consecutive patients (mean age 50.4±12.7 years, range 29-80; 92 men) with various aortic arch pathologies underwent TEVAR with the single or double chimney technique to reconstruct the supra-aortic branches. All patients had computed tomography angiography (CTA) and were evaluated by an interdisciplinary board composed of an endovascular surgeon, a cardiovascular surgeon, and an anesthesiologist. The pathologies included type B dissection in 47 (38.5%) patients (37 acute and 10 chronic), aortic arch dissection in 49 (40.2%) patients (44 acute and 5 chronic; the primary entry tear location was zone 1 in 9 and zone 2 in 40), acute retrograde type A dissection 11 in 8 (6.6%) patients, thoracic aortic aneurysm (TAA) in 7 (5.7%), penetrating aortic arch ulcer in 9 (7.4%) patients, and type Ia endoleak after TEVAR for TAA and type B dissection, respectively, in 2 (1.6%) patients. The patient characteristics and comorbidities are listed in Table  1 . Based on the aortic pathology and individual situation, open surgery with thoracotomy and aortic arch replacement was rejected in these patients. Our institutional ethics board approved this retrospective study, and written informed consent was obtained prior to performing the procedure.
Chimney TEVAR Procedure
Procedure planning called for the use of chimney grafts (single or double) when crucial supra-aortic branches were covered partially or completely by the proximal part of the aortic stent-graft. If the LSA was to be completely covered, it was reconstructed when there was stenosis/occlusion in the circle of Willis or vertebral artery, a history of stroke, an aberrant right subclavian artery with its orifice involved in the aortic lesion, or a patient's demand for revascularization. Double chimneys were used to rebuild the innominate artery (IA) and the left common carotid artery (LCCA) when sacrifice of the LSA was considered to be low risk.
All procedures were performed in a hybrid operating theatre with fluoroscopic and angiographic guidance. General anesthesia with tracheal intubation was administrated in all cases. Controlled hypotension and antitachycardia procedures were initiated before the operation, with the systolic pressure controlled at around 90 mm Hg and the heart rate at 60 to 70 beats/min. Shoulder padding with the head to the right was set for the patients in whom LCCA access was planned.
A common femoral artery was exposed surgically (the one that originated from the true lumen in the dissection patients). A 5-F calibrated angiographic pigtail catheter was inserted for digital subtraction angiography (DSA) with Ultravist 370 contrast agent (Bayer HealthCare, Leverkusen, Germany) to characterize the aortic pathology and the cerebral circulation, including the circle of Willis, bilateral carotid arteries, and vertebral arteries. Morphological features of the aortic lesions were measured on both the CTA and DSA images. The aortic stent-graft and chimney stentgraft(s) were selected with 15% to 20% and 5% oversizing, respectively.
Vascular access was gained as appropriate (right and/or left brachial artery and/or LCCA), an 8-to 10-F sheath (according to the size of chimney graft) was placed, and a The chimney grafts were deployed parallel to the aortic stent-graft with a >2.0-cm proximal segment in the aortic lumen and the distal segment in the branch artery. The chimney grafts were routinely molded with a balloon; additional stent-grafts were deployed to reinforce any chimney severely compressed after balloon molding. If a type Ia endoleak persisted after routine balloon molding, kissing balloon angioplasty was used with extreme caution in the chimney and aortic stent-grafts simultaneously, with rapid inflation/deflation and moderate inflation pressure. [12] [13] [14] Access sites were closed, and aspirin (100 mg/d) was prescribed to patients after TEVAR. 9, [12] [13] [14] All patients had a CTA and duplex ultrasound scan 2 weeks after TEVAR to evaluate the coverage of aortic lesions and the supra-aortic branch patency. Subsequent follow-up with physical examination and CTA was scheduled at 3, 6, and 12 months and annually thereafter. Telephone follow-up was performed semiannually.
Statistical Analysis
Continuous data are presented as the means ± standard deviation; categorical data are given as the counts (percentage). Kaplan-Meier analysis was used to generate estimates for survival, freedom from endoleak, and freedom from all adverse events. The estimates are presented with the 95% confidence intervals (CIs). Analyses were conducted using SPSS software (IBM Corporation, Somers, NY, USA).
Results
Procedures
TEVAR was performed in an emergent setting in 6 acute dissection patients for malperfusion syndrome with acute unilateral lower extremity ischemia. In 4 patients with acute type B dissection, a chimney graft was used to reconstruct the LSA due to an aberrant right subclavian artery with the primary entry tear next to the LSA orifice. Chimney grafts were deployed in the LCCA in 8 patients with retrograde type A dissection 11 who had a thrombosed false lumen in the ascending aorta and a proximal landing zone that involved the LCCA. One Marfan patient who suffered from acute type B dissection during puerperium received a chimney graft to reconstruct the LCCA (Figure 1 ). In 3 patients with partial inadvertent coverage of the LCCA during TEVAR, a chimney graft was deployed as a bailout to reconstruct the LCCA.
In total, 101 single and 21 double chimney grafts ( Figure 2A ) were deployed in 143 target vessels (21 IA, 114 LCCA, and 8 LSA) via the right brachial artery (21 via arteriotomy), LCCA (32 percutaneous and 82 via arteriotomy), or left brachial artery (6 percutaneous and 2 via arteriotomy). The aortic stent-grafts were landed proximally in zone 0 (n=21), zone 1 (n=93), or zone 2 (n=8). One additional stent-graft was deployed to reinforce the proximal end of a chimney stent-graft that was severely compressed despite repeated balloon molding. All supra-aortic branches reconstructed with chimney grafts were patent after TEVAR.
Mean fluoroscopy time, operation time, and contrast volume were 47±19 minutes, 117±28 minutes, and 189±41 mL, respectively. The mean radiation dose per unit area was 21432.64 μGy·m 2 . The mean hospital stay before the operation was 8.6±3.7 days (range 1-18), and the total mean hospital stay was 19.7±5.4 days (range 11-35).
Mortality
The 30-day in-hospital mortality was 0.8%. The condition of 1 patient with a history of chronic peptic ulcer declined quickly after suspected perforated ulcer 2 days post-TEVAR.
The patient died 4 days later. The only other death in the study cohort was a patient who suffered a stroke at 3 months. The actuarial survival ( Figure 2B ) was 98.3% (95% CI 92.8% to 100%) at 70 months.
Outcomes at 30 Days
Type I endoleak occurred in 13 (10.7%) patients (Table 2) , including 3 who underwent the double chimney technique. Repeated balloon molding during TEVAR nearly obliterated 3 endoleaks, which had disappeared at the time of discharge. The other 10 endoleaks, including the 3 associated with double chimneys, were treated conservatively (β-blocker and antihypertensive agents to control the systolic pressure at 90-100 mm Hg and heart rate at 60-70 beats/min) with close surveillance. One type Ia endoleak with rigorous conservative treatment sealed spontaneously 3 years after TEVAR. The remaining 9 patients with type I endoleak continue to be monitored in follow-up ranging from 7 to 57 months ( Table 2 ). There are different degrees of thrombosis formation in the false lumens adjacent to the stent-graft in 7 patients; the other 2 patients have patent false lumens with brisk blood flow and a gradually enlarged aorta. Though no significant symptoms are present under conservative treatment with close surveillance, open surgery with aortic replacement under extracorporeal circulation has been recommended. Type II endoleak from the LSA arose in 6 (4.9%) patients during TEVAR. An endoleak in 1 patient was treated conservatively and fully resolved at the second week post-TEVAR. In 3 patients, duct occluders (Cera; Lifetech Scientific Co, Ltd, Shenzhen, China) were deployed in the LSA orifice via a left brachial artery access, immediately resolving the endoleaks ( Figure 3) ; another patient refused occluder deployment in favor of conservative treatment. The last type II endoleak was found in a patient with Marfan syndrome and acute type B dissection; it was treated conservatively and had finally ceased spontaneously within 52 months. The estimated freedom from endoleak (excluding those sealed with angioplasty or an occluder during TEVAR) was 84.2% (95% CI 69.1% to 99.3%; Figure 2C ) at 70 months.
One patient who underwent the double chimney technique to reconstruct the IA and LCCA experienced abnormal fluctuations in vital signs during recovery, with decreased oxygen saturation and an unstable electrocardiogram. Bilateral carotid artery blood flow could not be detected with duplex ultrasound, and the pulse could not be found. Emergent re-TEVAR was performed. Angiography via a pigtail catheter from the right brachial artery access indicated distal migration of both chimneys ( Figure 4) ; the proximal ends of the chimneys were severely compressed by the aortic stent-graft, which lead to the acute ischemia. Another 2 chimney stent-grafts were inserted immediately into the IA and LCCA, overlapping with the previous ones; their proximal ends opened in the ascending aorta 1.5 cm beyond the aortic stent-graft. Partial left parietal-occipital infarction was detected on CT and manifested as right-sided neurological dysfunction. With conservative medical treatment and physical rehabilitation, muscle strength had recovered to level III when the patient was discharged after 31 days; the patient could walk independently within 3 months.
Other early post-TEVAR complications occurred in 36 patients, including pleural effusion (n=27), temporary renal insufficiency requiring temporary dialysis several times (n=3), and LSA steal syndrome (n=6). All of these complications were not severe and were treated conservatively. At discharge, all of the patients were almost fully recovered. The estimated freedom from any adverse event was 80.6% (95% CI 64.1% to 97.1%; Figure 2D ) at 67 months.
Follow-up
The mean duration of follow-up was 32.3±24.1 months (range 1-98) . CTA demonstrated patency of all CSGs without any associated complications, such as stent-graft migration, fracture, and so on. In one patient with a bare stent used in the distal descending aorta to restrict excessive dilation of the distal end of the thoracic stent-graft, a small reentry with little blood flow was found at the bare stentcovered region at the end of the TEVAR. After 3 months of conservative treatment, CTA indicated false lumen enlargement. Secondary TEVAR was performed to deploy a tapered thoracic stent-graft in the distal descending aorta covering the bare stent and the reentry site. The patient with a type I endoleak that sealed after 3 years subsequently presented with a new distal rupture; secondary TEVAR was performed ( Figure 5 ).
Discussion
Open surgery with sternotomy and aortic arch replacement is the traditional treatment strategy for diseases involving the aortic arch. 15 The chimney technique, which covers thoracic aortic lesions and reconstructs the supra-aortic branches simultaneously, is an increasingly applied alternative. The technique was first used by Greenberg et al 3 in endovascular treatment of abdominal aortic aneurysm as a method of reconstructing a renal artery inadvertently covered by a stent-graft. Criado et al 8 expanded the usage of the chimney technique in TEVAR with a bare stent to rescue inadvertently covered LSAs. The use of a covered stent in the chimney technique was first reported by Hiramoto et al 16 in 2006 to decrease the incidence of endoleak. These techniques are also described as double-barrel, 17 periscope, 18 snorkel, 19 or sandwich. 20 The risk of type Ia endoleak is the main problem with the chimney technique because of the "gutter" between the chimney and aortic stent-grafts. Furthermore, the antiplatelet therapy administered after TEVAR is not conducive to sealing. Zhu et al 10 speculated that the "gutter" is leptosomatic, which creates a high-flow damping situation in which the blood flow velocity will sharply decrease and form a vortex within it. Thus, increasing the overlapping length of the parallel aortic and chimney grafts promotes thrombosis in the gutter. 12, 13 Shahverdyan et al 13 suggested that these overlaps should be 5 cm, Lachat et al 21 proposed over 2 to 3 cm, and Kolvenbach and colleagues 22 even recommended an overlap of at least 7 cm. We recommend at least 2 cm of overlap between the chimney and the thoracic stent-graft. Adequate oversizing of the thoracic stent-graft and appropriate angioplasty can narrow the gutter and decrease the incidence of type Ia endoleak. The kissing technique, with its risk of retrograde type A dissection, should be used with extreme cautious [12] [13] [14] if the type Ia endoleak persists after initial balloon molding.
In this study, covered stents were used for chimneys in all patients. Theoretically, a bare stent in this application does not seal but provides only a path for the blood, which will lead to flow into the gutter and the proximal landing zone via the mesh of a bare stent. It is analogous to an insufficient landing zone at the chimney site, but covered stents can seal the flow and form a blind end to the gutter. 13, 23, 24 In this study, the overall incidence of type Ia endoleak was 10.7%, better than other studies with either covered or bare stents. 10, 12 Most of our patients had aortic dissection, which without the degenerative process and dilated aortic lumen of aortic aneurysm is associated with lower rates of intraoperative and late endoleak. 25 The double chimney technique in the aortic arch is still controversial.
10,12,13,26 Shahverdyan et al 13 reported 15 (19.7%) type I/II endoleaks in 70 patients analyzed in a literature review; the 30-day mortality was 6.5%. In our study, 4 of 21 patients undergoing the double chimney technique experienced perioperative complications, including 3 asymptomatic type Ia endoleaks and migration of the chimney grafts that caused a stroke. The main concern is the appearance of type I and II endoleaks. Compared with the single chimney technique, the double chimney technique produces a wider gutter, especially when the double stentgrafts are close to each other, which can encourage type I endoleak development.
Unlike the chimney technique for an LSA in the proximal landing zone, the LSA in patients who undergo the double chimney technique has always been involved in aortic disease. Therefore, if there is no other ancillary procedure to prevent LSA retroflow, type II endoleak will become more frequent, especially for TAAs. In this study, all 21 patients with the double chimney technique had dissection with a tapered aortic lumen, and no type II endoleak appeared. Therefore, multiple chimneys should be used with extreme caution. Reducing the number of chimneys in specific situations is an alternative to control the risk of endoleak, and it is the main reason triple chimneys are rejected in our center.
Neurological complications are the main cause of death in aortic arch and carotid artery operations. Mangialardi et al 27 reported that manipulations at the supra-aortic branch ostia and the bypass grafts led to cerebral embolization in their study. Compared with extra-anatomical bypass and branched endografting, the incidence of neurological sequelae with the chimney technique is lower due to less manipulation of target vessels and the aortic arch. 6, 9, 10, 28 In the current study, 32 (28.1%) of 114 LCCA chimneys were deployed via a percutaneous approach, and all the chimneys in the IA were inserted via a right brachial access. The only stroke was caused by migration and compression of the chimney grafts.
Migration of chimney grafts has rarely been reported. We believe the main reasons for dislodgment would be the positions of the chimney and aortic stent-grafts and their relative small-scale movement with aortic arch pulsation. In our patient, the proximal end of the migrated chimneys had exceeded the proximal covered end of the thoracic stentgraft by only ~0.5 cm. In another patient, however, the proximal end of the chimney stent-graft was <0.5 cm beyond the aortic stent-graft and was so severely compressed that repeated balloon dilation was useless and another stent-graft was deployed. Therefore, we suggest that the chimney stentgraft should be inserted 1.0 to 2.0 cm beyond the proximal covered end of the thoracic stent-graft.
The vascular manifestations, including dissection/aneurysm and subsequent rupture, are the main causes of morbidity and mortality in patients with Marfan syndrome. 29, 30 The feasibility and immediate outcome of endovascular therapy have been reported [31] [32] [33] ; however, as the aortic tissues are fragile, the benefits and long-term efficacy are still controversial. One patient in our study suffered from acute type B dissection during puerperium, and the TEVAR with chimney technique was performed deliberately; however, the ability of assistive management to seal the asymptomatic type II endoleak in the fragile aortic tissues was uncertain. Under close surveillance, the dissection healed and the asymptomatic endoleak sealed using conservative treatment.
Conclusion
TEVAR with the chimney technique to reconstruct the LSA or LCCA provides a safe, minimally invasive alternative with good chimney graft patency and low postoperative mortality for patients with aortic arch pathologies and insufficient proximal landing zones. However, the use of the chimney technique, especially double chimneys, should be judicious and cautious because of the high rate of type Ia endoleak, which deserves further research to improve the prophylaxis and treatment strategies.
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